At the Mayo Clinic, four patients were seen in whom a ventricular septal defect (VSD) of the atrioventricular (A-V) canal type was associated with an angle of nearly 90°between the intact atrial septum and the ventricular septum. The right atrium overrode the ventricular septum and communicated with both ventricles. A complex, straddling right A-V valve had some attachments in the left ventricle and resembled the common A-V valve of persistent common A-V canal. In three of the patients, a congenital mitral valve deformity also existed. Mild cyanosis probably is not a contraindication to surgical repair in such patients because right atrial blood may enter the left ventricle directly.
D URING A STUDY of the morphology of persistent common atrioventricular (A-V) canal, three hearts were found in which the condition resembled the more common forms of A-V canal but showed certain differences. The major features were (1) an atrial septum that was intact but abnormally oriented, forming an angle of nearly 900 with the ventricular septum and resulting in the right atrium communicating with both ventricles; (2) a complex right A-V valve that was similar to the common A-V valve of complete forms of persistent common A-V canal and that straddled the ventricular septum; (3) a large ventricular septal defect From the Mayo Clinic and Mayo Foundation, Rochester, Minnesota: Section of Pediatrics (Dr. Ongley) and of Experimental and Anatomic Pathology (Dr. Titus). Mayo Graduate School of Medicine (University of Minnesota), Rochester: Research Associate (Dr. Rastelli) . 816 Arterial desaturation (VSD) that resembled the VSD present in common A-V canal; and (4) a separate, distinct mitral valve that was malformed in two of the three patients. The same abnormalities were present in the fourth patient whose case is included in this report, but separated from the first three because of the additional malformation of origin of both great arteries from the right ventricle and the complexity of the mitral valvular deformity. Report of Cases 1 to 3 Case I In 1959, a 1-year-old boy was examined because of respiratory distress, recurrent episodes of pneumonia, and poor growth. The second sound was accentuated at the pulmonic region. There was a systolic murmur of grade III (basis of I to VI) in the third interspace on the left and also at the apex; and a diastolic murmur was heard at the apex. The chest roentgenogram showed a cardiothoracic index of 0.57 and localized pneumonia at the right base and right hilus. The electrocardiogram showed a mean Circulation, Volume XXXVII, May 1968 QRS frontal plane axis of -30°, with a counterclockwise frontal plane loop, left ventricular hypertrophy, and probable right ventricular hypertrophy.
Pulmonary hypertension with pressure equal to systemic pressure was found at cardiac catheterization. The mean wedge pressure was 14 mm Hg, and the mean right atrial pressure was 5 mm Hg. The oxygen saturation of the systemic arterial blood was 85%. The pulmonary blood flow was slightly increased with a left-to-right shunt of 30%, a right-to-left shunt of 20%, and a pulmonary-to-systemic resistance ratio of 0.9. Oxygen saturation of blood was 64% in the right atrium and 75% in the right ventricle and the pulmonary artery, respectively. Dye-dilution curves were obtained after injection of indocyanine green into the superior vena cava, the right ventricle, and the pulmonary artery, with sampling from the femoral artery. These curves were compatible with a diagnosis of ventricular septal defect (VSD) and bidirectional shunting of blood. Repair of the VSD was carried out by direct suture, but the child died 24 hours after operation in progressive low cardiac output and complete A-V block.
Case 2
A 4-year-old girl was acyanotic and moderately tachypneic when first seen in 1966. She had no objective signs of cardiac failure. On physical examination, the second sound was normally split and the pulmonary closure was accentuated. A systolic ejection murmur of grade III (basis I to VI) was heard over the left lower sternal border, a mid-diastolic murmur of grade II, over the apex, and a separate continuous murmur of grade III, over the first and second right interspaces anteriorly. A roentgenogram of the chest revealed a cardiothoracic index of 0.65 and moderate increase of pulmonary vascular markings. The electrocardiogram showed normal sinus rhythm, a mean frontal plane QRS vector of -80°, with counterclockwise frontal loop, right ventricular hypertrophy, and probable left ventricular hypertrophy. Cardiac catheterization showed that the systolic pulmonary artery pressure was almost as high as the systemic. The oxygen saturation of the blood was 88% in the femoral artery, 85% in the pulmonary artery, 89% in the right ventricle, and 66% in the right atrium. The ratio of pulmonary-to-systemic flow was 1.9, and the ratio of pulmonary-to-systemic resistance was 0.38. There was a gradient of 55 mm Hg across the origin of the right pulmonary artery.
An angiocardiogram of the right ventricle demonstrated a VSD and a hypoplastic segment at the origin of the right pulmonary arterv. An angiocardiogram of the left ventricle showed a Circulation, Volume XXXVII, May 1968 large VSD and mild incompetence of the mitral valve.
At surgery the VSD was repaired with a Teflon patch, and the hypoplastic segment of right pulmonary artery was enlarged, with the use of a pericardial patch. During inspection of the heart, complete A-V block occurred; therefore, stimulating wires were applied to the right ventricular myocardium. In the postoperative period, progressive low cardiac output developed and the child died a few hours after surgery.
Case 3
A 14-year-old girl whose heart murmur was first noted when she was 7 years old was examined in 1959 because of exertional dyspnea and mild cyanosis of 3 years' duration. The heart was quiet, and there were no thrills. The second sound was narrowly split, and the pulmonic component was moderately accentuated. A systolic murmur of grade III was audible in the fourth intercostal space on the left and also at the apex. There was no diastolic murmur.
Chest roentgenograms showed a cardiothoracic index of 0.53 and increased pulmonary vascularity. The electrocardiogram showed normal sinus rhythm, a mean QRS frontal plane axis of -160°, with a counterclockwise frontal plane loop, left ventricular overload, and right ventricular hypertrophy.
At cardiac catheterization the pulmonary artery pressure was equal to the systemic pressure. The mean pulmonary wedge pressure was 30 mm Hg ("a" wave, 36), the mean right atrial pressure was 3 mm Hg, and the left ventricular end-diastolic pressure was 20 mm Hg. Systemic arterial oxygen saturation was 98% at rest and 94% during exercise. Oxygen saturation of right atrial blood was 54%, whereas that of the right ventricular blood was 82%. The pulmonary blood flow was two and a half times greater than the systemic blood flow, and the resistance ratio was 0.4 (pulmonary to systemic). A diagnosis of VSD of the A-V canal type, severe pulmonary hypertension, and mitral stenosis was made. At surgery, these findings were confirmed, and in addition a large patent ductus arteriosus, 1 cm in length and 1.1 cm in diameter, was found. The patient died of progressive low cardiac output 24 hours after surgical correction of these lesions.
Morphological Cardiac Findings in
Cases 1 to 3 In each of the three hearts, a VSD of the A-V canal type -4 was present. The plane of the atrial septum was abnormal with respect to the plane of the ventricular septum, so that the angle formed by these planes was almost a right angle rather than the normal 50 to 100 angle.5 As a result of the abnormal position of the atrial septum, the atria were almost side-by-side, instead of nearly anteroposterior as in the normal heart. The combination of the deficient ventricular septum and the abnormal position of the right atrium resulted in communication of the right atrium with both ventricles. The right A-V valve was complex. It straddled the ventricular septum, had both right and left ventricular relationships, and resembled the common A-V valve of the complete form of persistent common A-V canal when viewed from the right side of the heart6; however, a distinct mitral valve was present in these specimens. The schematic drawings in figure 1 illustrate these features. The atrial septum was intact in all three, and the foramen ovale was closed in cases 1 and 3, but was patent (5 mm in diameter) with a competent valve in case 2.
In all three instances, the VSD was large.
In the right ventricle, the defect extended from the most posterior aspect of the basal part of the ventricular septum to the crista supraventricularis anteriorly. From the left ventricular aspect, the upper portion of the muscular septum was "scooped out" and closely resembled the septal deficiency seen in persistent common A-V canal. Remnants of the membranous septum were present in cases 1 and 2, but not in case 3. These remnants and the insertion of chordae tendineae into the crest of the deficient ventricular septum in cases 1 and 2 resulted in a more distant relationship between the VSD and the aortic valve in these two cases than in case 3.
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Figure 1 Schematic illustrations of anatomic findings in cases 1 and 2 (Panel a) as described in legends for figures 2 and 3, and in cases 3 and 4 (Panel b) as described in legends for figures 6 and 7. In each panel, the atrioventricular valves are viewed from above and from the right. The plane of the atrial septum, which in the body is close to the sagittal plane, is illustrated and is almost at a right angle with the plane of the ventricular septum. A, P, and L are common anterior, common posterior, and lateral leaflets, respectively, of the right A-V valve. LA is the left atrium with the mitral valve in simulated closure. RV Atrial septum is at an angle that is nearly 900 with respect to ventricular septum. Foramen ovale is sealed. Common anterior leaflet (A) of right A-V valve is divided into two portions, which are attached laterally to papillary muscles in each ventricle and medially to ventricular septum. Common posterior leaflet (P) of complex right A-V valve is rudimentary. Interventricular communication occurred between these two leaflets and in spaces between their chordae tendineae. In two hearts (cases 1 and 2), the right A-V valve (figs. la and 2) resembled the common A-V valve found in that type of complete A-V canal in which the common anterior leaflet is divided into two portions, both of which are attached medially to the crest of the interventricular septum. 6 The site of interventricular communication in these specimens (as in cases 3 and 4) was an area between the common anterior and posterior leaflets of the right A-V valve-that is, an area of the uppermost part of the muscular ventricular septum, which was devoid of valvular tissue, and the spaces between the chordae tendineae of these leaflets. The common anterior leaflet of the right A-V valve was composed of a right-sided portion that was attached at its base to the tricuspid ring, laterally to an anterior papillary muscle in Circulation, Volume XXXVII, May 1968 the right ventricle and medially to the papillary muscle of the conus and to the crest of the ventricular septum (figs. la and 2). Thus, this leaflet was analogous to the anterior leaflet of the normal tricuspid valve. The left-sided portion of the common anterior leaflet was attached at its base to the lower edge of the atrial septum, so that it was related to the left ventricle at almost a right angle with the ventricular septum; laterally it was attached to a third papillary muscle (case 1) or an extra head of the posteromedial papillary muscle (case 2) in the left ventricle (figs. 3 The common posterior leaflet of the right A-V valve in cases 1 and 2 was small and relatively rudimentary (figs. 1 and 2); it also had two portions. These two portions were attached medially to the underlying ventricular septum; laterally the right-sided portion was attached to a small posterior papillary muscle in the right ventricle, and the leftsided portion was attached to the same extra papillary muscle (case 1) or extra papillary muscle head (case 2) in the left ventricle to which the left-sided portion of the common anterior leaflet was attached (figs. 3 and 4).
In the right ventricle, a lateral leaflet (the same as the posterior leaflet of the normal tricuspid) was present in all three cases and in the fourth to be described.
The left ventricular outflow tract in cases 1 and 2 was not narrowed and elongated (figs. 3 and 4) as it is in persistent common A-V canal,7 because the anterior leaflet of the distinct mitral valve was not related to the VSD. In case 2, the left ventricular outflow tract of the heart was abnormal as a result of attachment of the ring of the mitral valve to the anterior aspect of the outflow tract at a point adjacent to a low endocardial ridge in the subaortic region, 0.5 cm below the base of the left aortic cusp (fig. 4) .
The mitral valve in case 1 was normal ( fig. 5 ). In case 2, the mitral valve had a parachute-like deformity8 ( fig. 4 ). No distinct anterolateral papillary muscle was present in the left ventricle. The posteromedial papillary muscle had three heads, two of which received most of the chordae tendineae from the anterior and posterior leaflets of the mitral valve. The third head, which was distinct and situated posteromedially to the other two heads, had chordae tendineae attached to the common anterior and posterior leaflets of the right A-V valve as described previously. A few chordae tendineae from the region of the anterolateral commissure were attached to trabeculae carneae in such a manner as to restrict slightly the mobility of the leaflets. Thus, some degree of mitral stenosis might have existed as a result of the partial parachute-like deformity, and mild insufficiency of the valve also was present. A small patch of endocardial thickening was found on the apical aspect of the left ventricular septum, and a small jet lesion was present in the endocardium of the posteromedial aspect of the left atrium. An additional anomaly of major functional significance in case 2 was severe hypoplasia of the right pulmonary artery. Case 3 In case 3, the right A-V valve was similar to the common A-V valve seen in that type of complete A-V canal in which the anterior leaflet of the common A-V valve is divided into two segments, each of which is attached laterally to an anterior papillary muscle in the appropriate ventricle6 and medially to an anomalous papillary muscle that is adjacent to the interventricular septum in the right ventricle. Thus, the anterior leaflet of the right A-V valve in case 3 was divided into two portions. The right-sided part was attached at its base to the tricuspid ring, laterally to an anterior papillary muscle in the right ventricle and medially to an anomalous papillary muscle adjacent to the septum in the right ventricle (figs. lb and 6). The left-sided portion of the common anterior leaflet was attached at its base to the lower edge of the interatrial septum; therefore, it overrode the interventricular septum at nearly a right angle. It was attached medially to the anomalous papillary muscle in the right ventricle and laterally to an anomalous papillary muscle in the left ventricle ( fig. 7 ). As in cases 1 and 2 and in contrast to complete common A-V canal, the left-sided portion of this anterior leaflet did not participate in the formation of the mitral valve ( fig. 7) although it abutted the base of the anterior mitral leaflet.
The common posterior leaflet of the right A-V valve in case 3 was like that in cases 1 and 2 except that its right-sided portion also was attached to the anomalous papillary muscle on the right side of the ventricular Circulation, Volume XXXVII, May 1968 Atrial septum is at an angle that is nearly 900 with respect to ventricular septum. Foramen ovale is sealed. Right atrium overrides the ventricular septum and communicates with both ventricles. Interventricular communication exists between the common anterior (A) and common posterior (P) leaflets of the right A-V valve and also beneath these leaflets. Common anterior leaflet is divided into two portions attached medially to an anomalous papillary muscle (An pm) adjacent to septum in right ventricle. Right-sided portion of common posterior leaflet is attached to the same anomalous papillary muscle. septum ( fig. 6 ). The left ventricular outflow tract in case 3, like that in cases 1 and 2, was not narrowed as in typical examples of persistent common A-V canal because the anterior leaflet of the mitral valve was not related to the VSD (fig. 7) .
The mitral valve in case 3 was abnormal ( fig. 8 ). The anterior leaflet was essentially normally formed, although some thickening of its edge existed. Its chordae tendineae were short and few in number; some had been divided surgically. The posterior leaflet was represented by an irregular membrane, which was thickened and irregularly fused with the subjacent papillary muscle tissue by means of short, thick, ill-defined, chordallike structures. Two openings (6 mm in diameter) in this valvular complex were the major sites of left atrial to left ventricular communication. Although anterolateral and posteromedial papillary muscles could be defined in the left ventricle, they were approximated so closely that the effect was that of the papillary muscle arrangement of parachute mitral valve. (It is of interest that in June 1959, Dr. J. E. Edwards applied the term "parachute" to the mitral deformity in this specimen.) The large, distinct, anomalous, third papillary muscle which received chordae tendineae from the complex right A-V valve as described previously was situated posteromedially to the other papillary muscles in the left ventricle. Mitral stenosis, which had been diagnosed clinically and surgically, was confirmed, and, in addition, insufficiency of the valve was found.
The left atrium was enlarged, and focal areas of endocardial thickening, suggestive of jet lesions, were present in the atrial septum. A partial supravalvular ring was present in the posterior and medial regions of the left atrium. Report of Case 4 A 6-year-old boy was seen at the Mayo Clinic in 1955 because of recurrent episodes of pneumonia associated with a cardiac problem. A heart murmur was noted when he was 6 months old, and he was treated with digitalis from the age of 1 year. He was slightly cyanotic and had low tolerance to exercise. Examination revealed a protruding left hemithorax, an overactive heart, and a thrill over the lower precordium. The first sound was loud, the second sound was normally split, and the pulmonic component was moderately accentuated. A systolic murmur of grade III was heard over the middle precordium and the apex, and a diastolic murmur also of grade III was transmitted to the apex. The liver was 3 fingerbreadths below the costal margin. The chest roentgenogram showed a large cardiac shadow, increased pulmonary markings, and a narrow supracardiac shadow. The electrocardiogram showed atrial fibrillation, a mean QRS frontal plane axis of -60 , a counterclockwise frontal plane loop, left Circulation, Volume XXXVII, May 1968 ventricular hypertrophy, and probable right ventricular hypertrophy.
At cardiac catheterization the pulmonary arterial pressure was the same as the systemic arterial pressure. The mean pulmonary wedge pressure was 26 mm Hg, and the mean right atrial pressure was 8 mm Hg. Systemic arterial oxygen saturation was 78% while room air was breathed. The oxygen saturation of right ventricular blood was 82%, whereas that of right atrial blood was 64% and that of the right pulmonary artery 89%. The pulmonary blood flow was slightly greater than the systemic flow; the ratio of pulmonary-to-systemic resistance was 0.85. When 100% oxygen was breathed, the pulmonary flow increased more than the systemic flow, and the ratio of pulmonary-to-systemic resistance decreased to 0.43. A left-to-right shunt, calculated to be 60% of pulmonary flow, and a right-to-left shunt, calculated to be 20% of systemic flow, were present.
Dye-dilution curves were obtained after injection of indocyanine green into the right ventricle, the superior vena cava, and the pulmonary artery, and sampling was done simultaneously from the radial and the femoral arteries. These curves were suggestive of a patent ductus arteriosus with a right-to-left shunt (reversed shunt) and a large VSD with bidirectional shunts. The child died after surgical repair, at which time moderately severe mitral stenosis and mitral insufficiency also were found.
Morphological Cardiac Findings in Case 4
The appearance of the right atrium, right A-V valve, and inflow portion of the right ventricle was similar to that in case 3 (fig.  6 ). In brief, the intact atrial septum formed nearly a right angle with the ventricular septum, the complex right A-V valve communicated with both ventricles as it straddled a large VSD of the A-V canal type, and the left-sided portions of the common anterior and posterior leaflets of the right A-V valve were attached to a papillary muscle in the left ventricle.
The major differences from the hearts in the other three cases were that both great arteries originated from the right ventricle and that the left A-V (mitral) valve was malformed in a more complex manner. The right ventricular outflow tract leading to the pulmonary trunk was essentially normal. The aorta, which was to the right of the pulmonary Circulation, Volume XXXVII, May 1968 artery at the base of the heart, originated from the right ventricle by means of a tract that lay between the crista supraventricularis and the common anterior leaflet of the right A-V valve. Between the dilated left atrium, whose endocardium was thickened, and the left ventricle was a thick, irregular membrane formed by fused valvular tissue. This complex valvular tissue was attached by stubby chordae tendineae to a small, malformed papillary muscle in the approximate position of the normal anterolateral papillary muscle and by short chordae tendineae to the ventricular septum and to the lateral free wall. The narrow, true mitral orifice lay between parts of the valvular tissue, which formed a leaflet-like arrangment ( fig. 9) . A large communication was present between the left atrium and the right ventricle (figs. 9 and 10). A small accessory "mitrarl orifice was present in the anterior portions of the valvular complex ( fig. 10 ). The complexity of the deformity of the left A-V valve resulted in insufficiency of this valve. A distinct, prominent papillary muscle in the posterior region of the left ventricle received the chordae tendineae from the left-sided portions of the common anterior and posterior leaflets of the right A-V valve ( fig. 9 ).
Discussion
The cardiac anomalies common to all four of the patients were: (1) a large VSD that resembled the defect present in persistent common A-V canal; (2) a complex right A-V valve that straddled the ventricular sep- tum and that was similar to the common A-V valve of persistent common A-V canal; (3) a separate mitral valve; (4) an abnormal orientation of the intact atrial septum with respect to the ventricular septum; and (5) a communication of the right atrium with both ventricles. Because there was a large left-toright shunt at the ventricular level and yet no arterialization of right atrial blood occurred, the right A-V valve must have been competent in its relation to both ventricles.
In addition to the major differences of these hearts from those which manifest persistent common A-V canal, the malformation described herein also differs from instances of large VSD of the A-V canal type with a cleft of the anterior mitral leafletl (fig. 11) . The difference resides in the fact that in the malformation under discussion, the mitral valve is not directly related to the VSD (compare Circalation, Volume XXXVII, May 1968 figs. 3, 4, and 7 with fig. 11 ). For this reason, the typical deformity of the outflow tract of the left ventricle seen in left ventricular angiocardiograms from patients with persistent common A-V canal7 may not be present in the patients described herein, as demonstrated in the left ventricular angiocardiogram taken in case 2 ( fig. 12 ).
Clinically, all of these patients had severe pulmonary hypertension, and in two of the four, the pulmonary resistance was almost at systemic levels. Arterial desaturation was noted in all patients; it is possible that it resulted in part from shunting of right atrial blood into the left ventricle. For this reason, mild cyanosis or desaturation of the systemic blood may not be an indication of inoperability on the basis of severe pulmonary vascular obstructive disease. Congenital mitral deformity, resulting in stenosis or insufficiency, or both, further complicated interpretation of the cardiac catheterization findings.
